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SUMMARY

On-body heat harvesting with thermoelectric (TE) devices promises sustainable power supply for wearable 

electronics and body sensor networks. Conventional wearable TEs use soldered rigid-flex interfaces to 

conform to skin morphology, where the modulus mismatch between TE legs and the substrate brings forth 

an unstable electromechanical connection. Here, we develop a paradigm-shift strategy to advance wearable 

TE devices with amphiphilic deformable interconnects. Particularly, the amphiphilic organic-eutectic com

posite (OEC) decorated with macromolecules achieves adaptive affinity with both TE legs and organic sub

strates, improving electromechanical contact and robustness substantially. Also, the printable and adhesive 

OEC simplifies the device manufacturing process with scalability and integration capability of up to 160 pairs 

of TE legs. As a result, a proof-of-concept device exhibits prototype-level stretchability of ∼80% and elec

tromechanical stability with <5% resistance change even after 20,000 bending cycles. This work provides 

PROGRESS AND POTENTIAL Wearable thermoelectric (TE) devices hold great potential for sustainable po

wer generation in body-worn electronics by harvesting body heat. While significant advances have been 

made in TE materials, critical challenges remain in achieving reliable device integration that accommodates 

skin deformation without compromising performance or durability. Conventional rigid interconnects based 

on tin soldering are prone to mechanical stress and electrical instability due to modulus mismatch with flex

ible substrates, which significantly hinders their practical applicability. Here, we present a paradigm-shift 

strategy using amphiphilic organic-eutectic composite (OEC) interconnects to address this fundamental in

compatibility. The interconnects decorated with macromolecules achieve adaptive affinity with both TE legs 

and organic substrates, thereby significantly enhancing electromechanical contact and structural robust

ness. This strategy enables scalable manufacturing of flexible TE modules with high integration capability 

(160 pairs) through printable processing, while also achieving device-level stretchability of ∼80% alongside 

a negligible resistance change of <5% after 20,000 bending cycles. Together with the low electrical contact 

resistance of OEC interconnects and large thermal resistance of air gap between TE legs, our on-body wear

able TE device can sustain a commercial pedometer and realize active skin temperature cooling. This work 

provides a new solution not only for stretchable TE devices with robust heterointerconnects but also for the 

heterogeneous integration of emerging wearable electronics. 
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a solution for both stretchable devices with robust heterointerconnects and heterogeneous integration of 

wearable electronics.

INTRODUCTION

The ever-increasing demands of personalized and wearable 

healthcare (such as physical vital monitoring,1,2 rehabilitation 

therapy,3–5 and artificial electronic skin6–8) necessitate a 

self-sustained and robust power supply for unremitting body 

area networking and communication. Thermoelectric (TE) 

devices can not only harvest waste body heat for electricity 

generation but also be used for personalized cooling, which 

is scarce yet increasingly important in healthcare.9–11 Howev

er, the power output and wearable comfort of TE devices 

are determined by the components, including TE materials, 

electrodes, and substrates.12 Traditionally, inorganic rigid TE 

materials are soldered with fragile/brittle ceramic substrates 

(Figure S1A), which makes it difficult to meet the require

ments of wearable electronic devices such as lightweight, 

stretchable, and robust.13,14 Moreover, because of the irreg

ular shape and dynamic deformation of skin, the rigid solder 

layer between inorganic TE materials and electrodes is uncon

formable and less efficient for harvesting heat from the skin,15

which is detrimental to heat harvesting or temperature man

agement of wearables.

To date, many strategies have been developed to improve 

the flexibility and compatibility of TE devices, of which one 

attempt involves utilizing organic TEs with intrinsically flexible 

features. However, organic TEs suffer from low electrical proper

ties, and thus, the average figure of merit (zT) is less than 1.0 for 

tiny thermal gradient harvesting at room temperature.16–19

Another more widely used and practical approach is to sand

wich rigid inorganic TE legs/films between two flexible organic 

substrates (polyimide or polydimethylsiloxane) via tin soldering 

(Figure S1B).20–23 Nonetheless, the common rigid tin soldering 

between inorganic TE legs and organic substrate is prone to 

failure in electrothermal connection when subjected to repeated 

deformation, due to the stress concentration rising from the 

huge difference of intrinsic Young’s moduli between TE legs 

and substrates.24,25 Consequently, advanced contact technol

ogies that can provide a deformable interconnection at the 

inorganic-organic heterointerface with good flexibility and elec

tromechanical robustness are urged to be developed, which is 

also pivotal to ensure conformal contact with dynamic complex 

geometries of the human body for optimal TE performance.26,27

Gallium (Ga)-based liquid metal (LM) alloys offer a compelling 

platform for developing deformable interconnects in stretchable 

TE generators. Owing to their intrinsic fluidity, high electrical 

conductivity, and extreme stretchability,28,29 LMs in various 

forms (e.g., pure melts,30–32 alloy composites,33–35 and LM 

particle-elastomer mixtures36,37) have been explored as deform

able interconnects in thermoelectric generators (TEGs).16,23,38,39

Typically, eGaIn is confined within microchannels embedded in 

polydimethylsiloxane (PDMS) substrates to form electrical con

nections between n- and p-type TE elements.23,40 However, 

the complex fabrication process and high surface tension of 

LMs often lead to issues in patterning stability and mechanical 

reliability under deformation, thereby constraining the achiev

able integration density and scalability of such devices. Further 

progress has been made with LM-embedded elastomers, which 

exhibit favorable electrical and thermal properties and have been 

widely adopted. For instance, one study demonstrated the inte

gration of 100 TE legs using LM-embedded elastomers, 

achieving a power density of 86.6 μW cm− 2 under a temperature 

difference of 60◦C. Nevertheless, the fundamental mechanical 

mismatch at the soft-hard interface between the TE legs and 

the polymer matrix remains inadequately addressed. This often 

necessitates the use of additional PDMS molds for leg align

ment, which not only complicates fabrication but also introduces 

parasitic thermal pathways that ultimately limit the power output 

of the device.39

Herein, we report a deformable interconnect strategy based 

on amphiphilic organic-eutectic composite (OEC) for the fabri

cation of stretchable and robust on-body TE devices. Through 

a stencil printing and self-assemble process, the eutectic 

gallium-indium (eGaIn) and organic macromolecular in the 

OEC are redistributed accordingly to achieve amphiphilicity 

with both organic substrates and inorganic TE legs. The amphi

philicity and fluidic nature of the OEC form a soft electrical 

interconnection between the substrate and TE legs, capable 

of multi-axial bending with displacement resilience while main

taining stable electromechanical contact (e.g., up to 150% of 

the dimension of TE legs with a resistance variation of <1%). 

In addition, the adequate adhesiveness of OEC through stencil 

printing is conducive to the fixation of TE legs, which greatly 

simplifies the device fabrication process with scalability and 

integration capability. Consequently, our TE device, composed 

of 160 pairs of Bi2Te3/Sb2Te3 legs, possesses prototype-level 

stretchability of up to 80% and electromechanical stability 

with negligible resistance change of <5% after 20,000 bending 

cycles. Moreover, the as-developed TE device achieves an 

on-body temperature drop of ∼2◦C and powers a commercial 

pedometer continuously when worn on the arm.

RESULTS AND DISCUSSION

The fabrication process of stretchable TE devices with amphi

philic deformable interconnects is schematically illustrated in 

Figure 1. In particular, the device is constituted by stretchable 

thermoplastic polyurethane (TPU) substrates, OEC electrodes, 

and p- and n-type TE legs (see methods). The mutual wetting 

structure can be formed between the TPU substrate and inor

ganic TE legs, endowing a relative deformation of heterointerfa

ces in both horizontal and vertical directions while maintaining 

robust electrical interconnection (inset in Figures 1A and S2). 

Moreover, the bonding force between the substrate and TE 

legs is large enough to adhere the TE legs upside-down or 

side-hung (Figure S3). Therefore, the TE legs can maintain 

a stable electromechanical connection despite the position 

deviation under externally applied stress. It is worth noting 

that, due to the surface wettability of polyurethane (PU) 
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solution and the subsequent evaporation of solvent, PU only 

forms a thin but dense packaging layer on the surface of the 

TE legs while maintaining a large amount of air between n- 

and p-type TE legs (Figure S4). Such confined/enlarged air 

gap facilitates heat flux matching between the human skin 

and TE legs,15,21 and thus, a higher power density can be 

generated. Notably, the as-fabricated TE device possesses su

perior flexibility, stretchability, and TE performance, which can 

power commercial electronics exclusively relying on human 

body temperature (Figure 1B). Moreover, the TE device also 

demonstrates on-body cooling ability when worn on the arm 

(Figure 1C). Compared to other inorganic leg-based TE devices 

with rigid interconnects (e.g., tin soldering) or soft intercon

nects (e.g., LM soldering), our device combines the merits of 

high normalized power density and stretchability (Figure 1D; 

Table S1) owing to deformable OEC.16,27,38,41–48 The com

parison of state-of-the-art properties between this device 

and other TE wearables in eight aspects, including temper

ature drop, normalized power density, flexibility, stretch

ability, integration level, damage resistance, device powering, 

and normalized generated voltage, is summarized as well 

(Figure 1E; Note S1; Table S2).10,13,16,26,27,38,42,44,45,49–55 Our 

work (marked as red pentagram) outperforms other flexible 

TEs, including bulk, film and fiber types, in most aspects, 

demonstrating remarkable overall properties.

Amphipathicity and contact characterization of OEC 

interconnects

The OEC ink was formed by dispersing eGaIn particles in cyclo

hexanone through sonicating and then mixed with a polyester 

polyol-rich thermoplastic polyurethane binder to form a sus

pension compound. After circuit activation, the compound was 

A

D E

C

B

Figure 1. Configuration and state-of-the-art performance of the stretchable TE device based on deformable interconnects 

(A) Schematic fabrication process of the flexible TE device. 

(B) Photo of on-body self-sustained LED indicator via the flexible TE device. 

(C) Infrared image of on-body cooling via the flexible TE device. 

(D) Benchmarked normalized power density and stretchability of bulk leg-based TE devices with rigid interconnects (light red shaded area), soft interconnects 

(light blue shaded area), and our as-fabricated TE device. Detailed comparison can be found in Table S1. 

(E) Radar plot with multi-dimensional parameter comparisons between as-fabricated TE device and others reported in the literature. Detailed comparisons can be 

found in Table S2.

Matter 9, 102653, April 1, 2026 3 

Article
ll



redistributed to form a continuous LM layer externally while 

sustaining a composite layer with LM particles internally (see 

methods and Figures S5 and S6). Under applied shear stress, 

larger eGaIn particles or those far from the substrate rupture 

preferentially, releasing LM that coalesces into a conductive 

surface network. Smaller or substrate-proximal particles remain 

mostly intact, contributing to interfacial retention. This spatially 

differentiated activation yields an amphiphilic structure: the fluid 

LM top layer ensures high conductivity, while the polymer-rich 

bottom layer, aided by hydroxyl-functionalized eGaIn particles, 

bonds strongly with the substrate. As a result, the OEC electrode 

achieved mutual wetting with both organic substrates and inor

ganic TE legs (Figure 2A) and can be stretched into a hyperbolic 

amphiphilic structure owing to high fluidity and stickiness.56

Through the contact between the LM layer and the Au layer via 

shear stress, forming AuGa2 to improve wettability, the LM layer 

enables the wetting of the Au-coated side of TE legs while main

taining non-wetting at other bare surfaces (Figure S7). For the 

organic substrates, the abundant polar groups of the TPU ensure 

a strong affinity between the OEC ink and the TPU substrate.56

These results were validated further using scanning electron 

microscopy (SEM) and energy dispersive spectroscopy (EDS) 

mapping (Figures 2B and S8), which revealed composition 

distribution in the mutual wetting structure. In particular, on the 

gold layer side, as the Ga atoms chemically infiltrate the gold 

layer while the organic macromolecular cannot form a stable 

A

D

CB

Figure 2. Amphipathicity and contact characterization of OEC interconnects 

(A) Schematic illustration (left) and SEM image (bottom right) of OEC interconnects between the TE leg and PU substrate showing the amphipathic property; 

deformable eGaIn is concentrated in the region marked with yellow pseudo-color. Scale bars: 150 μm. 

(B) SEM-EDS mapping and atom ratio of carbon: gallium at different local positions across OEC interfaces, including near metal, central, and near organic 

substrate, showing the heterogeneous distribution of elements in OEC interconnects. Scale bars: 20 μm. 

(C) TEM-EDS mapping of gallium and carbon elements of the eGaIn particles in OEC ink. The line scan reveals the carbon and oxygen increasing above baseline 

at the particle edge prior to the gallium and indium. Scale bars: 100 nm. 

(D) Normalized contact area of eGaIn and OEC ink on various substrates, including organic (polyurethane [PU], polyimide [PI], polyethylene terephthalate [PET], 

3M Scotch 4910 VHB [VHB*], silicone rubber (methyl vinyl silicone rubber) [Rubber*], polyvinylidene fluoride [PVDF], polydimethylsiloxane [PDMS], Deli A4 printer 

paper [Paper*], and epoxy resin [Resin]), inorganic nonmetal (glass, Al2O3, and Si), and metal (steel, Au, and Cu) materials. The blue and red shadows are 

separated by a contact angle of 90◦. Scale bars: 1 mm.
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connection with the metal, the ratio of carbon to Ga dropped 

significantly compared to the central body region of the OEC 

electrode. On the organic substrate side, by contrast, it can be 

observed that after multiple stripping processes, the ratio of 

eGaIn elements remains consistent with that of central region, 

indicating that the ink forms a robust bond with the organic 

substrate owing to its abundant polar groups.

To explore the nanoscale connection of TPU to LM particles, 

transmission electron microscopy (TEM) was used to charac

terize LM particles in OEC ink (Figures 2C and S9), where EDS 

mappings showed the element distribution of the four typical 

Ga (Ga), indium (In), oxygen (O), and carbon (C) signals. In the 

composite, carbon element is attributed to TPU, while Ga and 

In are the composition of LM layer. The oxygen element coexists 

in the oxide layer coating on LM particles and TPU macromole

cules. The distribution of the four elements coincides, outlining 

a spherical shape. Noticeably, the intensity of C element rises 

before the Ga/In from outside to inside (around 10 nm ahead), 

consistent with previous reports.56 This indicates that TPU forms 

a uniform and substantial layer coating on the eGaIn particle, 

thus guaranteeing a good dispersion of LM particles and a 

strong affinity between eutectic and TPU. The surface oxidation 

state of the eGaIn can be directly observed from the cross- 

sectional EDS mapping of an eGaIn particle presented in 

Figure 2C. The oxygen signal is confined to an extremely thin 

layer, with a penetration depth of only approximately 10 nm. 

This observation is consistent with other literature.57,58 Also, 

the strong interfacial affinity among the metal@TE leg, eutectic, 

macromolecules, and organic substrates concurrently ensures 

the adaptive deformation and robust connection between the 

rigid TE legs and flexible substrate.

Furthermore, to verify the superior affinity of developed 

OEC ink, normalized contact areas of pure eGaIn and the OEC 

ink on different substrates are estimated (Figure 2D; Note S2; 

Table S3). It can be seen that, except for certain metals (Au, Cu) 

that can react to form compounds, pure eGaIn shows large 

contact angles (around 120◦, Figure S10) on the representative 

organic and inorganic nonmetal substrates, implying poor sur

face wettability and contact area for heterointerface bonding. 

In contrast, the ink exhibits low contact angles across organic, 

inorganic nonmetal, and metal substrates. The large contact 

area (lower contact angle) of OEC ink brings forth a higher work 

of adhesion, superior wettability, and universal printability on 

elastomeric, plastic, ceramic, and metal substrates (Figure S11), 

which is particularly critical for the initial printing of circuits 

(Figure S12). Further thermogravimetric analysis demonstrated 

the stability of OEC ink (Figure S13). Since both thermal and elec

trical properties are critical factors for heat-to-electricity and 

electricity-to-heat conversion,59 further study on the thermal and 

electrical contact interface of the OEC electrode was conducted 

(Figures S14 and S15; Table S4). With 5 kPa pressure,59 the 

thermal contact resistance (TCR) of 36 and 50 μm inactivated 

OEC inks were 88 and 236 mm2 K W− 1, while the TCR of activated 

inks were decreased to 64 and 72 mm2 K W− 1, respectively. As 

shown in Table S5, the TCR of the OEC electrode in this work 

was close to that of carbon-based thermal interface material. 

The contact resistance at the interface between the OEC elec

trode and the TE legs was further evaluated using the transfer 

line method (TLM, Figure S15). The measured values of 2.2–2.9 

mΩ are comparable with that of soldering on the Cu electrode 

with tin,21 indicating that the OEC electrode is suited to large-scale 

TE devices with low resistance.

Electromechanical and robustness characterization of 

the OEC interconnects

Benefiting from the freely deformable property, the hyperbolic 

OEC structure could improve the robustness of the interface 

electrical connection. As a common scenario, ever-deforming 

skin will be apt to deformation differences across heterointerfa

ces due to modulus mismatch (e.g., lifting the TE legs off from the 

substrate), which is one of the main failure factors in wearable TE 

devices. Unlike traditional tin-based soldering with rigid connec

tion, such mutual wetting structure ensures TE legs are capable 

of being shifted out of the plane with a stable circuit connection, 

as shown in Figures 3A and S16. Owing to the high electrical 

conductivity and fluid nature of the eutectic layer, the electrical 

connection remains highly stable (with resistance change less 

than 0.5%) until pulled up to 2.7 mm. It is obvious that the 

connection of the circuit can be restored with the re-contact of 

the OEC, which will be discussed later. Meanwhile, similar tests 

were conducted in aqueous solutions of PU (Figure 3A) to verify 

the connection stability in the packaging process, showing a 

stable electrical connection as well. Remarkably, the resis

tance only has negligible variation before fracture in both air 

and aqueous solution, indicating that the high surface energy 

of LM can effectively prevent the solution from penetrating the 

interface to break the current path. Moreover, similar stable elec

trical connection behaviors were demonstrated when displace

ments occurred in the horizontal direction. In addition to the ver

tical and a certain horizontal direction, the resistance remains 

constant even when the relative displacement between the elec

trode and TE leg occurs omnidirectionally (Figures 3B and S17). 

As shown in Figure 3B, the TE leg moves 0.5 and 1 mm away 

from its initial position (25% and 50% of LM electrode width, 

respectively) successively in 12 directions, and the resistance re

mains stable throughout because of the stable electrical connec

tion. Notably, even if the displacement is performed in the 

PU aqueous solution (Figure S17), the resistance remains highly 

stable. These results are pivotal for the simplification of device 

fabrication with dense integration of TE legs for power density 

multiplication. Additionally, sheet resistance measurements of 

the electrode indicate that the electrical conductivity of its active 

layer is approximately 2.83 × 106 S m− 1, which is close to that of 

pure LM (3.4 × 106 S m− 1).60 Besides the electrical interconnec

tion, an adequate mechanical anchoring force between the TE 

legs and substrates is necessary in device integration. Thus, 

the adhesive force of OEC in multi-direction was tested, where 

more than 5 mN is shown alongside a large displacement relative 

to the dimension of a single TE leg (Figures 3C, S18, and S19). 

Furthermore, we conducted resistance change tests on the 

OEC connections under different states (stretching, bending, 

and bending cycles), and the results demonstrated the excel

lent stability of our OEC (Figure S20). Also, the fluid-like nature 

of LM layer is not only beneficial to the connection between TE 

legs and flexible substrate but also offers self-healing capability 

(Figure 3D). When the LM-printed PU substrate is cut or broken, 
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the LED turns off (bottom middle). Bringing the interfaces back 

to contact leads to immediate healing of the electrical condu

ctivity, and the LED turns on again (right). The resistance of the 

electrode under puncture is also demonstrated in Figure 3E, 

where the insertion and removal of the needle produce only a 

small fluctuation in the resistance of the electrode, enabling it 

to self-heal defects in the device even after the device is 

packaged.

Electromechanical modeling and characterization of 

the TE device

In terms of the device implementation for wearable heat har

vesting and cooling, an optimizable geometry with mechanical 

robustness and large temperature gradient is required to be 

configured. According to the finite element modeling (Figures 

4A–4C, S21, and S22), under a reasonable load pressure for 

bendable scenarios (see methods), the relative displacement, 

output power density, and volumetric flexibility of the TE 

device (Figures 4D and 4E) could be varied substantially with 

respect to the area fill factor, i.e., the modulated air gap be

tween adjacent TE legs. Given the facts that the reduced air 

gap (a larger fill factor, Figure S21) between adjacent TE legs 

could contribute to power density multiplication (a lower electri

cal resistance and large heat conduction25,26) while against 

displacement for volumetric strain propagation or redistribution 

across the TE device (Figures 4C and 4D), the relative displace

ment is a function of area fill factor, and the inset (Figure 4D) 

presents displacement difference between top and bottom 

layers of the TE device (Figures 4C and S22) and correspond

ing position at a fixed area fill factor of 31% (marked as red 

scatter). We also supplemented the modeling profile of strain 

distribution across the TE module in the xyz, yz, and xz planes 

(Figure S22), respectively. These results confirm the displace

ment for both compression and stretching. Consequently, an 

area fill factor of ∼31% was selected to configure the TE device 

with a compromise between power density maximization and 

good flexibility. To further improve the capacity for effective 

heat harvesting and cooling with dense TE pairs, potential 

challenges such as thermal management/resistance of each 

layer from the substrate to TE legs, the uniform printability at 

large-scale, and the adhesion robustness require further inves

tigation in the future.

A

D EC

B

Figure 3. Electromechanical and robustness characterization of OEC interconnects 

(A) Relative electrical resistance changes of the OEC interconnects during vertical/horizontal displacement in air and in PU solution. Insets, optical images of 

OEC interconnects at different vertical (upper row) and horizontal (lower row) displacements. Scale bars: 2 mm. 

(B) Relative electrical resistance changes of OEC interconnects in different in-plane displacements in air. The red and blue lines represent a fixed displacement 

of 1 and 0.5 mm, respectively. 

(C) The stress-displacement curves of OEC interconnects during vertical/horizontal displacement. 

(D) Electrical resistance change of OEC interconnect after cut and reconnected. Insets, instant healing of an OEC interconnect used to light up an LED circuit. 

(E) Electrical resistance change of OEC interconnects during the puncturing test. The top insets schematize the puncture process, and the bottom insets are 

the optical microscopical images of the OEC at the puncture location. Scale bars: 1 mm.
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Then, the TE device with 160 pairs of TE legs on a TPU 

substrate was successfully fabricated (see methods and 

Figure S23). Considering the visual aesthetics, reliability, and 

user comfort for TE devices to be fully wearable, a high 

mechanical robustness, flexibility, and bendability while main

taining device performance are crucial criteria. As a conse

quence, the flexibility of the TE device was characterized 

(Figure 4E). The negligible fluctuation of internal resistance 

(of <4.5% under a bending radius of 52 to 18 mm) demon

strates exceptional electromechanical robustness, and there 

is no deterioration in electrical connection for bending radius 

below 18 mm. Aside from that, the TE device was subjected 

to a cyclic bending test under a radius of 30 mm for more 

than 20,000 cycles (Figure 4F) to validate the electromechan

ical fatigue and durability of our developed OEC interconnects. 

The resistance merely increases by 1.6% after 20,000 cycles of 

bending, suggesting excellent reliability and durability. 

The enlarged side views of the TE device under bending and 

stretching are shown in Figure S24, where the n- and p-type 

legs remain stable connections to the substrate within 

the deformable TE device. Moreover, we applied a variety 

of mechanical stresses to the device to validate its wear

ability. The device exhibited stable electromechanical behavior 

and strain-insensitive performance with a negligible resistance 

change (ΔR/R0 of 2.32% at 83% strain) until the device fell 

off the fixture (Figure 4G). It is worth noting that the resistance 

of the device remained consistent during three repetitive 

tests, which indicates the excellent robustness of the TE device 

and its stretch-proof ability (Figure S25). Furthermore, the 

environmental robustness of the TE device was verified by 

exposing it to a range of complex conditions/scenarios, simu

lating natural environments such as hot weather, high humidity, 

exposure to sweat, and alternating high-low temperatures 

(Figure S26). The negligible variation in electrical resistance 

recorded under these harsh conditions validates excellent 

durability and reliability of the TE device.

Power generation and active cooling performance of the 

TE device

The power and voltage output of the f-TEG under various tem

perature differences were estimated to evaluate heat harvesting 

and cooling performance (Figure 5). The device generates a high 

open-circuit voltage (Voc) of 520 mV and a maximum output po

wer (Pmax) of 4.56 mW at an apparent temperature difference 

(ΔT) of ∼10◦C (Figure 5A). Moreover, the normalized power den

sity (i.e., the average power generation ability by normalizing the 

A D

E

F

G

C

B

Figure 4. Electromechanical modeling and characterization of the TE device 

(A–C) (A) Modeling results of cross-sectional temperature distribution, (B) voltage profile, and (C) displacement profile of the TE device at a given temperature 

gradient of 10◦C and applied pressure of 2 kPa. Details can be seen in methods. 

(D) Relative displacement as a function of area fill factor. Inset, displacement difference between top and bottom layers of the TE device extracted from the 

modeling profile of (C) and corresponding position at a fixed area fill factor of 31% (marked as red scatter). 

(E) Modeling results of power generation and flexibility versus area fill factor. 

(F) Relative resistance variation of the TE device during 20,000 bending cycles with a bending radius of 30 mm. Insets, internal resistance of the TE device under 

different bending radii. 

(G) Relative resistance variations of the TE device versus different tensile strains. Insets, photos of the device in different stretchable states. Scale bars: 2 cm.
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dependency of ΔT2) was obtained to be 1.178 μW cm− 2 K − 2 

(calculated from the ratio between the measured maximum 

power density and corresponding square temperature gradient 

across the TE device). This value is competitive compared with 

recently reported flexible TE generators and can be increased 

further with a large area fill factor, as summarized in Figure 1E 

and Table S2. The inset in Figure 5A presents the side view of 

the TE device, where the TE legs were fixed and separated by 

air gaps. Benefiting from the low electrical and thermal contact 

resistance of the OEC electrode (Figures S14 and S15), the 

device can achieve active thermal regulation without a heat 

sink. Under an input electric current of 200 mA, a maximum tem

perature drop (ΔTcool) of 3.4◦C was achieved, and the cooling ef

fect of the device can be further enhanced with a heat spreader 

(Figure 5B). Figure 5C plots the long-time cooling ability of the 

device at flat and bent states (presented in the inset). In the 

long-term cooling test, the temperature immediately dropped 

by ∼2.1◦C and was maintained for 9 h under an applied current 

of 100 mA. The slight discrepancy in device performance (e.g., 

output power or voltage) between the flat and bent states 

stems from a difference in thermal boundary conditions during 

testing. The cooling effect of the device at different currents 

from 100 to − 200 mA in the bent state showed negligible reduc

tion compared with the flat state, implying good stability when 

applied to irregular surfaces like human skin. To practically vali

date the on-body cooling effect, the TE device was wrapped 

around the human upper arm. As seen in the infrared (IR) image 

of the arm in Figure 5D, the skin surface was successfully cooled 

down by an average of 2◦C despite the continuous metabolic 

heat. This discrepancy primarily originates from the substantial 

metabolic heat generation of the human body and evaporative 

cooling through bodily fluids such as sweat. In wearable TE 

devices, the interface formed between the organic substrate 

and the skin surface impedes the natural evaporation of perspi

ration, thereby diminishing the overall heat dissipation capacity 

and ultimately compromising the cooling efficacy. It should be 

noted that the cooling performance of the TE device can be 

further improved by improving the thermal conductivity of the 

substrates as well as introducing an extra heat sink. With the 

electricity generated from the thermal gradient between human 

skin and the ambient, the device is capable of self-powering 

commercial electronic products through a passive booster, 

and Figure S27 presents the power generation performance of 

the device when it was attached to the human arm at different 

ambient temperatures. The temperature difference across 

the two surfaces of the device generated a maximum Voc of 

45.6 mV and a Pmax of 40 μW at an ambient temperature of 

16◦C. To further evaluate the energy-harvesting capability 

of the device on the human body, we placed the device on 

the elbow and collected voltage output under both static and 

dynamic (motion) conditions, with the results presented in 

Figure S28. When the human arm bends, the conformal contact 

A

D

E

C

B

Figure 5. Heat harvesting and cooling performance of the flexible TE device 

(A) Power generation of the TE device under different temperature differences. Inset, side view of the TE device at a room temperature of 16.3◦C. Scale 

bars: 2 mm. 

(B) Real-time surface temperature curves of the TE device under different input currents without a heat sink. 

(C) Long-time (10 h) cooling test of the TE device at an applied current of 100 mA. Inset, current-dependent temperature changes at flat and bent states. 

(D) IR image of the skin cooled by the TE device. 

(E) Optical image of the TE device continually powering a commercial pedometer by entirely relying on body heat. Inset, the pedometer reading increases 

from 0 to 34 after jogging. Scale bars: 1 cm.
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between the device and the skin is enhanced, leading to an in

crease in output voltage. When the arm straightens, the output 

voltage drops back to the level observed in the static state. 

This indicates that the device possesses excellent deformability 

to conform to human body movements. The effect of motion- 

induced skin heat exchange on the overall output performance 

is more significant than that caused by resistance variation. 

When a passive voltage booster was adopted to boost the pro

duced voltage (the photo and circuit diagram of the passive 

booster are shown in Figure S29), the Voc can be increased to 

2.35, 3.30, 4.10, and 5.00 V accordingly. Thus, the device can 

sustain various commercial wearable devices with on-demand 

voltage supplies. For example, 3.3 V was achieved to continu

ously power a commercial pedometer when the TE device was 

worn on the arm (Figures 5E and S30), in the absence of a 

battery. Also, the device was practically tested to determine 

its performance during exercise, as shown in Video S1, where 

the device serves as a wearable power source to power the 

commercial pedometer to count steps. Our device can stably 

use body heat to power a commercial pedometer with a 

stable package on the human forearm across different sce

narios. Meanwhile, blue and white LED lights can also be stably 

driven even at higher room temperatures (22.6◦C), as shown 

in Figure S31. This indicates that our device can supply a 

sustained and sufficient power supply for various commercial 

wearable electronic devices.

Conclusion

We developed a deformable OEC interconnect to advance wear

able TE devices with superior flexibility, stretchability, and robust

ness. The OEC interconnects patterned on the organic substrate 

promoted self-organization of amphiphilic bilayer structures, 

facilitating stable electrothermal conduction with rigid inorganic 

TE legs under combined deformation. Moreover, the strong 

affinity and deformability endowed the TE device with a robust 

electromechanical connection against multi-axial bending and 

displacement. The wearable TE device, consisting of 160 pairs 

of TE legs, demonstrates outstanding prototype-level stretch

ability, flexibility, and robustness, which successfully achieve 

both body cooling and power generation functions. With a pass

ive booster, the as-fabricated TE device continuously powers 

various consumer electronics successfully by entirely using waste 

body heat. This state-of-the-art heterointerface bonding through 

deformable interconnects offers a universal strategy to bridge 

flexible organic substrates and rigid inorganic components, which 

can be promisingly used in a variety of wearable devices.

METHODS

Materials

Bi0.4Sb1.6Te3 and Bi2Te2.85Se0.15 commercial materials (Shenzhen 

Thermo-Electric New Energy Technology Co., Ltd) were used 

for p- and n-type TE legs, respectively. EGaIn alloy (75.5% Ga, 

24.5% In) was purchased from Huantai Metal Material Co., Ltd 

(Dongguan, China). TPU organic substrates were purchased 

from Shuntai Plastic (Shenzhen, China). PU aqueous solution 

and TPU particle (Lubrizol Pearlstick 5703) were purchased from 

Jitian Chemical Co., Ltd (Shenzhen, China).

Preparation of OEC ink

Firstly, 1 g eGaIn LM and 1 mL cyclohexanone were added into 

2 mL tubes and then sonicated at a power output of 130 W for 

2 min with a probe sonicator (Sonics Vibra-Cell VCX130, 2 s on 

and 3 s off cycling). The suspension was then centrifuged for 

2 min at 4,500 rpm, and the supernatant was removed. Secondly, 

0.4 g pp-TPU particle was added to the 2 g cyclohexanone, and 

the mixture was heated and stirred for 3 h at 50◦C until all the 

TPU particles were dissolved. Finally, 0.125 g as-prepared TPU 

solution was mixed with the above eGain suspension and stirred 

to form a uniform OEC ink. The ink was then dried in an oven 

at 70◦C for ∼30 min to remove excess solvent and achieve a 

suitable viscosity for stencil printing.

Patterned printing of OEC ink on TPU substrates

Prior to printing, the TPU substrates were covered by customized 

masks. The OEC ink was then printed onto substrates via a stencil 

printing process with the aid of a blade, and the printed traces 

were then placed in the oven at 70◦C for 15 min to thoroughly 

dry. To activate the traces, an eGaIn-infiltrated foam (polystyrene 

foam with a small amount of eGaIn coated on its surface) with 

a small amount of LM coated on its surface was pressed onto 

the traces and pulled forward to activate the eGaIn particles by 

the shearing and pressure force. Finally, the traces were turned 

into a shiny silver color, and the masks were removed to obtain 

the OEC pattern.

Finite element modeling

Finite element analysis (FEA) was employed by using COMSOL 

Multiphysics (coupled with heat transfer in solids, electric cur

rents, solid mechanics, and electrical circuit modules) to facilitate 

geometry-dependent electro-thermo-mechanical optimization for 

the TE device. The thermoelectric effect, electromagnetic heating, 

and thermal expansion were included in Multiphysics, and 

detailed flowcharts and component definitions can be found in 

our previous work.21 The measured electromechanical and 

thermal properties of OEC in this work and TE materials previously 

reported were utilized in the simulation. The hot- and cold-side 

temperatures were fixed at 35◦C and 25◦C, respectively, accord

ing to the experimental thermal measurement. The width (w_te) 

and length (l_te) of the TE device were invariable from the exper

iment. In the modeling, the width (w_leg) of TE legs and the gap 

(g_leg) between adjacent TE legs (Figure S21) were parametrically 

swept to change the areal fill factor at a known volumetric 

pressure. The maximal output power was estimated by using 

0.25 times the open-circuit voltage and the short-circuit current.

Fabrication of the flexible TE device

First, the TPU substrate with patterned OEC ink was placed on 

a horizontal porous substrate (porous alumina plate) as the 

bottom electrode. Then n- and p-type TE legs sputtered by Au 

nanoparticles were placed alternatively on the OEC patterns. 

The TE legs have a cross-section area of 2 mm × 2 mm and a 

height of 3 mm, and the details of placement are diagrammed 

in Figure S23. Afterward, the top electrodes were aligned with 

the n- and p-type TE legs array and vertically mounted on 

accordingly. Then, PU aqueous solution is injected into the 

sandwiching gap between the PU substrates to immerse the 
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TE legs and left in the oven at 80◦C for 6 h to ensure that 

the water solution fully dries up. After drying, a thin but robust 

PU film will encapsulate the TE legs and PU electrodes to realize 

device integration. The resistance of the TE device is ∼15 Ω 
(Figure 5A), with an overall active area of 68 mm × 60 mm.

Characterizations of OEC interconnects and TE devices

The microstructure and elemental composition were character

ized by transmission electron microscopy (TEM, Tecnai G2 F20 

S-Twin TMP). The EDS mapping of the sample was completed 

on SEM (Zeiss GeminiSEM 300; Thermo Scientific Apreo 2S 

and Oxford Ultim Max) and EDS. The contact angle of eGaIn 

and OEC ink on various substrates was characterized using an 

optical microscope (GP-660V). IR images were captured by an 

IR camera (FLIR A300-series). The power generation of the 

flexible TE device was tested by a homemade temperature 

controller, where the bottom surface was attached to a semi

conductor chilling plate to maintain a constant temperature 

and different temperatures were applied on the top surface by 

another semiconductor chilling plate. The temperature differ

ence of the device is obtained by measuring the top and bottom 

substrates through an IR camera. The VOC, as well as output 

power, was tested via a Keithley 2400 source meter. The resis

tance was tested via a Keithley 2182 source meter instrument 

by sweeping the voltage from − 1 to +1 V with a step size of 

0.01 V and obtaining the resistance value through linear fitting 

of the resulting I-V curve. The real-time temperature of the device 

during cooling or heating was monitored by a K-type thermo

couple (UNIT-UT325). To investigate the element distribution in 

different regions in the OEC electrode, a smooth silicon slice 

with a sputtered Au layer was closely attached to a polyethylene 

terephthalate (PET) substrate with activated OEC ink at room 

temperature for 1 h and then separated from the middle. The 

inevitable shear forces during separation induce the formation 

of a continuous LM layer on the separated interface. Then, silicon 

and PET substrates are stripped by tape repeatedly to remove 

the ink till the surface is uniform, subsequently characterized 

by SEM-EDS. The thermal contact resistance of LM particle 

ink was tested in a vacuum environment with a homemade test 

device as shown in Figure S14. Two brass blocks with known 

thermal diffusion coefficients and the sample to be measured 

are stacked up to form a sandwich structure. Then, its top side 

is connected to a heater while 4 thermocouples are used to 

record the temperatures of the top and bottom interfaces of 

each brass block. The contact resistance was measured 

via the transfer line model using a Keithley 2182 nanovoltmeter 

for the electrical measurements. Detailed calculation process 

of the contact resistance of the samples was presented in 

Figure S15. The stretchability, flexibility, and cycling stability of 

the device were characterized by a universal tensile tester 

(Shimadzu AG-X), and the resistance was measured simulta

neously by a multimeter (Keithley DMM6500).
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